Phosphorus MRSI ( 31 P-MRSI) using a spiral-trajectory readout at 7 T was developed for high temporal resolution mapping of the mitochondrial capacity of exercising human skeletal muscle.
| INTRODUCTION
Impaired energy metabolism in skeletal muscle mitochondria is indicative of muscular disorders (e.g. Duchenne muscular dystrophy 1 or mitochondrial myopathy 2 ), systemic metabolic diseases (e.g. diabetes mellitus 3, 4 ) and cardiovascular diseases (e.g. peripheral arterial disease (PAD) [5] [6] [7] ).
These observations, together with the fact that evaluation of muscle oxidative metabolism provides insight into personal training status, 8, 9 have led to a considerable methodological development in medical imaging for non-invasive assessment of muscle energy metabolism.
In particular, phosphorus MRS ( 31 P-MRS) has been established as a powerful tool for studies of energy metabolism. [10] [11] [12] [13] [14] [15] More specifically, dynamic 31 P-MRS, during exercise and recovery, allows direct estimation of the oxidative adenosine triphosphate (ATP) synthesis rate in challenged muscle, which reflects maximal mitochondrial capacity. 12 Since high temporal resolution (of the order of seconds) is required to map the phosphocreatine (PCr) recovery curve, coarse signal localization restricted only by the sensitive volume of a surface coil is often used to retain sufficient signal-to-noise ratio (SNR) for dynamic 31 P-MRS experiments. 16, 17 Such localization cannot distinguish between muscle groups that are recruited differently in the performed exercise (e.g. soleus (SOL) and gastrocnemius during plantar flexion [18] [19] [20] [21] [22] [23] ).
Single-voxel MRS 24, 25 or slab-selective MRS 26 ) is applied, which considerably complicates and prolongs the examination and may impose limitations, such as the requirement of only mild pH changes.
In this context, our aim was to develop and test a 31 P-MRSI sequence using spiral readout trajectories with high temporal resolution for spatially resolved quantification of maximal oxidative ATPsynthase flux in the muscles of the human calf during plantar flexion exercise. The performance of the proposed sequence was tested in a localization phantom and in healthy volunteers.
2 | METHODS
| Hardware
All MR measurements were performed on a 7 T MR system (Magnetom, Siemens Healthcare, Erlangen, Germany) using a 10 cm circular, dual-tuned ( 
| Sequence design
To accelerate the acquisition and hence increase the temporal resolution of our dynamic 31 P-MRSI scans, we implemented a constant-density spiral spectroscopic readout. 34, 35 Following each slice-selective excitation (achieved by a Hamming filtered SINC pulse with 600 μs duration and 6.4 kHz bandwidth), we played out consecutive and identical spiral gradient waveforms (n = 512 divided by the number of temporal interleaves) in the read (x) and phase (y) gradient directions that fully covered the k-t space. The spiral trajectories for all excitations were identical. Since the duration of the spiral trajectories for the given voxel size was longer than the temporal sampling required for the desired spectral bandwidth, temporal interleaving (i.e. shifting the gradient trajectory for consecutive T R by a fraction of the dwell time) was employed ( Figure 1 ) (e.g., for five temporal interleaves at 1.45 kHz spectral bandwidth 103 spirals of about 3.4 ms length per spiral were played out per interleave, leading to a total sampling duration of about 353 ms, with each interleave being delayed by 0.69 ms relative to its predecessor). To optimize the SNR, gradient rewinders (i.e. deadtime during readout that is necessary to return to the k-space center) were minimized (<6%). Hence, only temporal interleaves were used and not spatial interleaves. The number of temporal interleaves was adjusted to the targeted matrix size, making sure that the spectral bandwidth remained between 1.4 and 1.45 kHz (i.e. covering a range of at least 12 ppm from P i to γ-ATP resonances). The achieved spectral resolution, i.e. the spectral bandwidth over the number of acquired spirals, was therefore always 2.7-2.8 Hz. The entire spiral trajectory calculation and data reconstruction were implemented on the MR scanner.
The following four steps were performed within the online processing pipeline: (i) gradient delays between the ADC readout and the x/y gradients of 8 μs were corrected by shifting the sampled data inside the array; (ii) the acquired data were gridded two-dimensionally to a twofold oversampled Cartesian matrix with a Kaiser-Bessel kernel, (iii) a fast Fourier transform (FFT) was applied in the x/y dimension, and then (iv) an FFT was used in the frequency dimension.
| Phantom experiments
The point spread function (PSF) of the proposed MRSI sequence was measured in a two-compartment phantom. The outer compartment (a cylinder with a diameter of 13 cm) was filled with tap water, and the inner compartment (a cube with 9 mm inner side length) was filled 
| In vivo measurements
To test the potential temporal and spatial resolution of the proposed sequence in an in vivo situation, one healthy male volunteer underwent repeated measurements of the calf muscle. The knee of the volunteers was fully extended during the dynamic examination (2 min rest, 6 min exercise and 6 min recovery) to ensure a major involvement of the gastrocnemius muscles and only a minor contribution of the SOL muscle to the exercise performed. [20] [21] [22] The volunteers performed plantar flexions at a workload set to about 25-35% of the maximal voluntary contraction force, once every T R (2 s). The exercise was synchronized with the data acquisition based on an audio signal, so that the MRSI data were acquired when the calf muscle was relaxed. In addition, five of the recruited male volunteers underwent a second dynamic examination with the knee flexed at about 60°. In this leg position the SOL muscle is expected to be involved more than the two gastrocnemii. 20 This second examination was performed at least 20 min after the first one, to ensure sufficient metabolic recovery. 36 Two additional spiral-MRSI measurements were performed at rest in two of these subjects in order to acquire representative flip angle maps 37 in both leg positions.
For both dynamic examinations, the proposed acquisition sequence was used, with the following parameters: T E * = 1 ms; T R = 2 s;
nominal flip angle =52°(set about 2.5 cm deep from the coil, by recalculating the voltage that was required to obtain 90°excitation, i. 
| Data analysis
All acquired MRSI data were interpolated to 16 × 16 matrixes, and voxels with SNR of the PCr signal above 8 in the resting state before exercise (no k-space filtering was applied prior to data analysis) were
The relation between the matrix size (i.e. spatial resolution) and the number of temporal interleaves required (i.e. temporal resolution). For comparison, the temporal resolution of an elliptically phase-encoded MRSI (ePE) is also given. Note that the increase in temporal resolution comes at the cost of SNR, which is, however, comparable once the acquisition time is matched and the differences in PSF between spiral and elliptical encoding are corrected for slice-selective excitation pulse is followed by the spiral gradient modulations (only x -direction shown). These spiral trajectories are played out repeatedly (512 times; only three shown for illustration) to cover the whole free induction decay in the time domain. As the duration of a spiral is too long to allow a sufficiently short spectral dwell time, temporal interleaves (five temporal interleaves are shown here for illustration) were acquired. Each temporal interleave is acquired after a separate excitation, and identical spiral gradients are played out with a predefined delay. This delay determines the actual dwell time and hence the spectral readout bandwidth. The number of temporal interleaves used in the sequence was derived as the minimum number required to cover the desired spectral bandwidth of 1.4 kHz pre-selected for quantification of dynamic in vivo data. Custom software written in IDL (Exelis Visual Information Solutions, Boulder, CO, USA) was used for pre-selection of these voxels. All selected spectra were analyzed using the jMRUI software (Version 5.0) with the AMARES (advanced method for accurate, robust, and efficient spectral fitting) time domain fitting routine. 39 The γ-ATP resonance was used as an internal concentration reference, assuming a stable cellular ATP concentration of 8.2 mM. 40 To improve the SNR of the γ-ATP peak for quantification purposes, the γ-ATP signal intensity was averaged over the last six measurements (1 min) of the recovery period. For the saturation correction, the actual flip angle was calculated for each muscle group as the average of the measured datasets, and the previ- The SNR comparison between different matrix sizes and temporal resolutions measured in vivo at rest is given in and height equal to the slice thickness) and temporal (10 s) resolution with sufficient SNR.
Representative spectra acquired at rest and at the end of exercise from each investigated muscle group are depicted in Figure 3 . To demonstrate the importance of 31 P signal localization in dynamic experiments, a voxel containing a mixture of GM and SOL tissue is also visualized (green). Note that in such voxels of mixed tissue splitting of the P i signal, which corresponds to two compartments with different pH values, can be observed.
The time evolution of PCr and P i signals-in GM, GL and SOLduring plantar flexion exercise with a straightened knee is depicted in Figure 4 (top panel). The time evolution of pH in these muscles is also included in Figure 4 (bottom panel were calculated for the SOL muscle in the second experiment; however, there were no statistical differences in these parameters found between the two experiments for either GM or GL. Table 4 summarizes the direct comparison of the measured and interpreted measures of mitochondrial function using these two exercise protocols.
| DISCUSSION
In our study, we propose dynamic spiral-accelerated The conventional approach to dynamic 31 P-MRS of using the sen- Theoretically, the use of rewinder gradients (i.e. gradients that are necessary to return to the center of k space) can reduce SNR/t efficiency.
However, we have minimized this source of SNR loss by maximizing the number of spectral interleaves and eliminating the need for spatial interleaves. Thus, the necessary rewinder is very short, which restricts the SNR/t loss to well below 5%. Our phantom measurements also val- This is also supported by our finding that once the recruitment of SOL was substantially increased through the flexion of the knee, as suggested by Price et al. 20 and as confirmed by the significantly higher PCr depletion (43.2 ± 19.1% at~60°flexion versus 18.0 ± 8.5% at 0°) in our study, the Q max measured in SOL rose significantly. Although both GL and GM were recruited to a lesser extent and experienced significantly lower PCr depletion in the second experiment, Q max was not found to be significantly different between the measurements for either of these muscle groups. The use of a surface coil does introduce FA variability within the MRSI matrix. To overcome this, B 1 + -insensitive adiabatic excitation could be used. However, slice-selective adiabatic excitation pulses needed for 2D-MRSI would be extremely long and specific absorption rate (SAR) demanding, requiring prolonged T R . Another option would be to use non-selective adiabatic excitation combined with slice-selective adiabatic refocusing or inversion pulses. These approaches would lead to undesirably prolonged T E and increased SAR, or towards doubled acquisition time. 50 Therefore, none of these possibilities constitutes a good option for dynamic examinations. Alternatively, it is possible to compensate for the B 1 + inhomogeneity of a surface coil by acquiring a map of the actual flip angle distribution, as was performed in this study using the method of Chmelík et al. 37 The use of RF coils with a more homogeneous B 1 + distribution 29,51 would also be beneficial.
The spiral spectroscopic imaging readout is demanding for the scanner gradient hardware. This will induce slow frequency drifts over time, as reported previously. 52 This is not a severe limitation for 
